Aqualysin I is a heat-stable subtilisin-type protease produced by Thermus aquaticus YT-1. The precursor of aqualysin I consists of four domains: an NH2-terminal signal peptide, an NH2-terminal pro-sequence, a protease domain, and a COOH-terminal pro-sequence. In Escherichia coli cells harboring recombinant plasmid carrying the aqualysin I gene, proteolytic activity is obtained on treatment at 65°C and mature enzyme is detected. In the case of mutant genes containing partial deletions in the NH2-terminal pro-sequence, no proteolytic activity was detected and the precursor protein was found to be unstable in E. coli. These results indicate that the NH2-terminal pro-sequence is required to produce the active enzyme by stabilizing the precursor structure. Aminoacid substitutions in the conserved sequence of the NH2-terminal pro-sequence found amongsubtilisin-type proteases madethe processing faster compared with the wild type.
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Aqualysin I is a heat-stable serine protease which is secreted into the culture medium by Thermus aquaticus YT-1, an extreme thermophile.1"4) Aqualysin I is a subtilisin-type protease, the primary structure ofaqualysin I being about 40% indentical with subtilisins.3) T. aquaticus YT-1 is a Gramnegative bacterium, and the cells are enveloped by two kinds of membranes, a cytoplasmic and an outer membrane.5) Aqualysin I is, therefore, secreted by translocation across the two membranes. Aqualysin I is produced as a large precursor (51-kDa protein) consisting of four structurally distinguishable domains; an NH2-terminal signal peptide (14 amino acid residues), an NH2-terminal pro-sequence (113 residues), the protease domain (281 residues), and a COOH-terminal pro-sequence (105 residues). 6) Weconstructed an expression plasmid for the gene encoding the aqualysin I precursor (aqul) in Escherichia coli, the aqul gene being 3027 expressed under the control of the tac promoter.6) Whenthe aqul gene is expressed, a 38-kDa protein (a precursor of the mature enzyme with the COOH-terminal pro-sequence) is found in the membranefraction, probably being bound to the outer membrane. On treatment at 65°C, the 38-kDa protein is processed into and solubilized as 28-kDa mature aqualysin I. Processing of the NH2-and COOH-terminal pro-sequences is done by the proteolytic activity of aqualysin I itself, in that order. 6) Recently, the pro-sequence of subtilisin E has been shown to be necessary for the production of active protease and to be Site-directed mutagenesis. The oligodeoxynucleotide for site-directed mutagenesis was synthesized with an Applied Biosystems 381A DNAsynthesizer and monomers for its synthesis were purchased from Applied Biosystems, Inc. Site-directed mutagenesis was done with M13mpl9,using a Muta-Genein vitro mutagenesis kit (Bio-Rad), as described by Kunkel et al.14) The entire region of the DNA fragment was sequenced to prove that only the mutation expected had occurred.
. å å Enzymeactivity measurements. The proteolytic activity of aqualysin I was assayed at 70°C by the same method as described previously.2)
Sodium dodecyl sulfaie-polyacrylamide gel electrophoresis (SDS-PAGE). Protein samples were fractionated by SDS-PAGE on a 12% acrylamide gel as described by Laemmli. 1 5) Immunoblotting.
Protein samples were treated with 2him diisopropyl fluorophosphate at room temperature for 30min
and then fractionated by SDS-PAGE.
Immunoblotting analysis of aqualysin I and its precursors was done with an antibody against aqualysin I, as described previously.6)
Pulse-chase experiments.
Cells were grown at 30°C overnight with shaking in M9 minimal medium12)
containin 0.5% glucose, 1 /ig/ml thiamine, and 100/ig/ml ampicillin. The resultant culture was inoculated (2%) into the same medium containing 0.5% glycerol and cultured at 30°C until^66Onm=0.8, and then the expression of the aqul gene was induced by addition of0.2 him IPTG at 37°C
for lhr. The cells were labeled with 30/iCi/ml of
[35S]methionine (> 1,000 Ci/mmol; Amersham) for 3 min. After a 0.5-ml sample was removed, radioactive incorporation was stopped by adding 200jUg/ml of unlabeled methionine. Sample (0.5 ml) were removed at various times during the chase. The reaction was stopped by mixing the samples with an equal volume of 10%ice-cold trichloroacetic acid and put at 0°C for more than 20min. using Stul sites to delete 74 amino acid residues (amino acid residues -94 to -21 in the NH2-terminal pro-sequence).
In the NH2-terminal pro-sequences of subtilisin-type proteases, there is a conserved sequence consisting of six amino-acid residues, Tyr-Ile-Val-Xaa-Phe-Lys.6'17'18) A homologous sequence, Tyr-Ile-Val-Val-Phe-Lys (amino acid residues -73 to -68), is also found in the NH2-terminal pro-sequence of aqualysin I.6) pAQNzlN6has a deletion of the conserved Hepes-NaOH buffer (pH 7.5) containing 10mMCaCl2, and then treated at 65°C for the indicated times. After removal of denatured E. coli proteins by centrifugation, proteolytic activity in the supernatant was measured at 70°C using casein as substrate, as described previously ,2) and is shown as units2' per ml of culture.
mutant was attempted by pulse-labeling with
[35S]methionine and the stability of the product was investigated by a chase experiment. Figure 4 shows that the 48-kDa precursor of the active-site Ser mutant (pro-aqualysin T with both NH2-and COOHterminal pro-sequences) directed by PAQN (S222A)6) was stable formore than 40min. This precursor reacts with the anti-aqualysin I antibody as reported previously.6) PAQN (S222A) directed also the synthesis of 43-kDa protein which was stable during the pulse-chase experiment (Fig. 4) . However, this protein can not be detected by immunoblotting.6X The reason why such a protein was detected by pulse-labeling is unknown. As for pAQNz1N74, 43-kDa protein was synthesized in the induced cells, and the protein was almost completely degraded in approximately 10min during the chase (Fig. 4) . The molecular mass, 43kDa, is close to that after the deletion of 74 amino acid residues from the 51-kDa entire large precursor6* on calculation. These results indicate that the deletion mutants in the NH2-terminal pro-sequence of aqualysin While 2-hr heat treatment was required for the wild type, 30-min or 1-hr incubation was enough for the mutants to obtain high activity, especially V-70T, K-68R, and K-68E mutants being promptly activated.
Discussion
No proteolytic acitivities were observed for the deletion mutants in the NH2-terminal pro-sequence (Fig. 2) . The precursor of the deletion mutant was detected by pulse-labeling with [35S]methionine, but the labeled precursor was degraded soon during the chase with cold methionine (Fig. 4) . These results indicate that the NH2-terminal pro-sequence of aqualysin I is essential for the production of enzymatically active aqualysin I and functions to stabilize the precursor structure. Probably the NH2-terminal pro-sequence of aqualysin I precursor is required to guide the folding of a 18) The deletion of the conserved sequence of pro-aqualysin I resulted in the complete loss of the production of active aqualysin I (Fig.  2) , and the detection of its precursor by pulse-labeling experiment was unsuccessful (data not shown). On the other hand, the replacements of not only a non-conserved residue (Val) but also a conserved residue (Lys) did not affect the production of active enzyme, or rather made the processing faster (Fig. 5 ).
These results suggest that the conserved sequence is involved in the production of a stable precursor conformation and the processing of the precursor. In the case of subtilisin E, the pro-sequence is shown to guide folding of the enzymatically active conformation in vivo1] and in vitro8'9) at normal temperatures. In the case of aqualysin I, enzymatically active aqualysin I was obtained on treating the induced E. coli cells at 65°C for at least 2hr (Fig. 2) . This indicates that the conformation of the protease domain in the stable aqualysin I precursor produced at 37°C
is different from the enzymatically active conformation. The inability of the protease domain to form an active conformation at 37°C is independent of the presence of the COOH-terminal pro-sequence, since the heat treatment was also required for the complete deletion mutant of the COOH-terminal prosequence to obtain active aqualysin I (unpublished data). It would be intriguing to know what are the conformational differences between the protease domain of the inactive precursor and the active protease.
